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Abstract: The ventral occipitotemporal (vOT) cortex serves as a core region for visual processing, and
specific areas of this region show preferential activation for various visual categories such as faces and
print. The emergence of such functional specialization in the human cortex represents a pivotal devel-
opmental process, which provides a basis for targeted and efficient information processing. For example,
functional specialization to print in the left vOT is an important prerequisite for fluent reading. However,
it remains unclear, which processes initiate the preferential cortical activations to characters arising in
the vOT during child development. Using a multimodal neuroimaging approach with preschool children
at familial risk for developmental dyslexia, we demonstrate how varying levels of expertise modulate the
neural response to single characters, which represent the building blocks of print units. The level of ex-
pertise to characters was manipulated firstly through brief training of false-font speech-sound associations
and secondly by comparing characters for which children differed in their level of familiarity and expertise
accumulated through abundant exposure in their everyday environment. Neural correlates of character
processing were tracked with simultaneous high-density electroencephalography and functional magnetic
resonance imaging in a target detection task. We found training performance and expertise-dependent
modulation of the visual event-related potential around 220 ms (N1) and the corresponding vOT activa-
tion. Additionally, trained false-font characters revealed stronger functional connectivity between the left
fusiform gyrus (FFG) seed and left superior parietal/lateral occipital cortex regions with higher training
performance. In sum, our results demonstrate that learning artificial-character speech-sound associations
enhances activation to trained characters in the vOT and that the magnitude of this activation and the
functional connectivity of the left FFG to the parieto-occipital cortex depends on learning performance.
This pattern of results suggests emerging development of the reading network after brief training that
parallels network specialization during reading acquisition.
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 Artificial character-speech sound training induced preferred N1 and vOT activation 25 
 N1 and vOT BOLD tuning depends on training performance in prereaders 26 
 Functional connectivity of left FFG and SPL also depends on training performance 27 
 Level of expertise to character types modulates the N1 and vOT BOLD activation 28 
 Results suggest a phonologically guided N1 and vOT tuning in children 29 
 30 
ABSTRACT 31 
The ventral occipitotemporal (vOT) cortex serves as a core region for visual processing, and specific 32 
areas of this region show preferential activation for various visual categories such as faces and print. 33 
The emergence of such functional specialization in the human cortex represents a pivotal 34 
developmental process, which provides a basis for targeted and efficient information processing. For 35 
example, functional specialization to print in the left vOT is an important prerequisite for fluent 36 
reading. However, it remains unclear, which processes initiate the preferential cortical activations to 37 
characters arising in the vOT during child development. Using a multimodal neuroimaging approach 38 
with preschool children at familial risk for developmental dyslexia, we demonstrate how varying 39 
levels of expertise modulate the neural response to single characters, which represent the building 40 
blocks of print units. The level of expertise to characters was manipulated firstly through brief 41 
training of false-font speech–sound associations and secondly by comparing characters for which 42 
children differed in their level of familiarity and expertise accumulated through abundant exposure in 43 
their everyday environment. Neural correlates of character processing were tracked with 44 
simultaneous high-density electroencephalography and functional magnetic resonance imaging in a 45 
target detection task. We found training performance and expertise-dependent modulation of the 46 
visual event-related potential around 220ms (N1) and the corresponding vOT activation. Additionally, 47 
trained false-font characters revealed stronger functional connectivity between the left fusiform 48 





















performance. In sum, our results demonstrate that learning artificial-character speech–sound 50 
associations enhances activation to trained characters in the vOT and that the magnitude of this 51 
activation and the functional connectivity of the left FFG to the parieto-occipital cortex depends on 52 
learning performance. This pattern of results suggests emerging development of the reading network 53 
after brief training that parallels network specialization during reading acquisition. 54 
 55 
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1. INTRODUCTION 58 
The development of functional specialization in specific cortical areas is critical for information 59 
processing in various domains (Houdé et al., 2010). The left ventral occipitotemporal (vOT) cortex is 60 
important for processing a variety of visual categories (Dehaene and Cohen, 2007; Hasson et al., 61 
2003; Kourtzi and Kanwisher, 2001; Yovel and Kanwisher, 2004), and its crucial role in orthographic 62 
processing is widely accepted and has been demonstrated in numerous studies (Baker et al., 2007a; 63 
Binder et al., 2006; Bruno et al., 2008; Cohen et al., 2002; Dehaene and Cohen, 2011; Dehaene et al., 64 
2005; Dehaene et al., 2002; Glezer et al., 2009; Martin et al., 2015). The left vOT shows increasing 65 
visual specialization to print in readers along a posterior-to-anterior axis (Kronschnabel et al., 2013; 66 
Vinckier et al., 2007), and a specific area in the left mid fusiform gyrus, called the visual word form 67 
area (VWFA) (Cohen et al., 2000; Cohen et al., 2002), shows preferential activation to print (Baker et 68 
al., 2007b; Cohen et al., 2003; Vinckier et al., 2007) and whole word forms (Glezer et al., 2009; Glezer 69 
and Riesenhuber, 2013). As an electrophysiological correlate of this vOT activation, the characteristic 70 
occipitotemporal negativity in the event-related potential (ERP) after around 170ms (N1 also referred 71 
to as N170) shows similar specialization in adults (Bentin et al., 1999; Brem et al., 2006; Maurer et al., 72 
2005), reflected in more pronounced amplitudes with print, especially over the left hemisphere. This 73 
specialization of the vOT/N1 to print is regarded as a key component for efficient and fluent reading, 74 
which develops with reading acquisition and is often reduced in impaired readers (Ben-Shachar et al., 75 
2011; Maurer et al., 2007; Paulesu et al., 2001; Shaywitz et al., 2002). 76 
1.1 Functional specialization of the ventral occipitotemporal cortex (vOT) 77 
Neuroimaging research has provided important insights into the functional specialization of the left 78 
vOT cortex to print during reading acquisition in children (Brem et al., 2010; James, 2010; Maurer et 79 
al., 2011; Saygin et al., 2016), adults (Dehaene et al., 2010; Pegado et al., 2014), and after symbol 80 
training in primates (Srihasam et al., 2012). Learning drives the expertise reflected in the preferential 81 
neural responses of the left vOT (Ben-Shachar et al., 2011; Boros et al., 2016; Olulade et al., 2015; 82 





















2006; Maurer et al., 2011), and the visually evoked fields of the magnetoencephalogram (Caffarra et 84 
al., 2017; Parviainen et al., 2006) after around 150-250ms. The process of learning print has been 85 
simulated in adults using unknown and artificial scripts (Brem et al., 2017; Hashimoto and Sakai, 86 
2004; Maurer et al., 2010; McCandliss et al., 1997; Song et al., 2010) and pseudoword learning 87 
paradigms (Glezer et al., 2015). Functional magnetic resonance imaging (fMRI) studies have revealed 88 
stronger activation in the bilateral vOT for trained letters and characters than untrained ones in 89 
adults upon phonological (Hashimoto and Sakai, 2004; Xue et al., 2006; Xue and Poldrack, 2007) and 90 
visual object (Song et al., 2010) association training and in the right vOT for semantic training (Xue et 91 
al., 2006), but decreased activation upon specific visual form training (Xue and Poldrack, 2007). ERP 92 
training studies largely converge by showing a rapid development of visual N1 amplitudes over 93 
occipitotemporal regions for trained associations in adults (Brem et al., 2017; Maurer et al., 2010) 94 
within a few training sessions. In accordance with the results of word-form training, pseudoword-95 
form training resulted in a selective decrease in the blood-oxygen-level dependent (BOLD) response 96 
of the VWFA to trained pseudowords compared to untrained ones using a rapid neural adaptation 97 
paradigm (Glezer et al., 2015). The results of training studies in adults thus provide evidence that the 98 
neural tuning of the vOT is dependent on the type of training and show various contributions of 99 
visual familiarity, phonological and semantic processes in shaping its functional activation (Xue et al., 100 
2006).  101 
Most insights into the development of the network for print processing are derived from studies that 102 
presented either real words or letter strings. Recent findings in prereaders suggest that early 103 
structural connectivity precedes and determines the location of later functional specialization to 104 
print in the left vOT (Saygin et al., 2016). This specialization to new visual categories such as words 105 
emerges in formerly weakly specialized cortical regions of the visual system rather than in areas of 106 
the visual cortex with established cortical preferences, such as for faces (Dehaene-Lambertz et al., 107 
2018) . Print specialization of the N1 shows an inverted U-shaped learning and expertise activation 108 





















specialization, for instance between familiar letter strings and false-fonts, was confirmed by several 110 
studies showing changes after brief training (Brem et al., 2010), several months (Eberhard-Moscicka 111 
et al., 2015; Zhao et al., 2014), and years of reading experience (Brem et al., 2013; Coch and Meade, 112 
2016; Maurer et al., 2006; Saygin et al., 2016). In contrast, fine levels of discrimination, for instance 113 
between letter and number strings (Park et al., 2018), show a more protracted development, 114 
gradually emerging from age 7 (Coch and Meade, 2016; Eberhard-Moscicka et al., 2015). Varying 115 
levels of prereading skills have been associated with increased activation and involvement of 116 
occipitotemporal areas during processing of printed words (Bach et al., 2013; Specht et al., 2009), 117 
and the characteristic left-hemispheric distribution of the N1 to print has been related to individual 118 
phonological abilities in children (Sacchi and Laszlo, 2016). Even at preschool age, there is some 119 
evidence for early coarse categorical differentiation in an atypical right lateralization of the N1 that 120 
depends on letter knowledge (Maurer et al., 2005) and is related to future reading outcomes (Bach 121 
et al., 2013; Brem et al., 2013). This atypical right-lateralized N1 activation in prereaders may reflect 122 
a degree of visual familiarity with a given visual category such as letters but as yet unestablished 123 
expertise and connections to corresponding linguistic information such as phonological 124 
representations (Maurer et al., 2010). Such a bilateral or right-lateralized N1 resembles nonlinguistic 125 
visual category processing such as occurs with faces and objects (Rossion et al., 2003). In the course 126 
of reading acquisition and emerging expertise with words, one would expect a more prominent 127 
impact of phonological associations on the visual N1 distribution and thus increasing lateralization of 128 
the N1 over the left hemisphere. Early signs of specialization related to children’s letter knowledge 129 
have recently been shown in five-year-old prereading children in a specific oddball EEG response to 130 
letter vs. false-font strings over the left occipitotemporal cortex (Lochy et al., 2016) and in enhanced 131 
activation to letters compared to false-fonts with increased reading ability (Centanni et al., 2018).  132 
1.2 Deficient functional specialization associated with poor reading 133 
Activation in the left vOT is modulated by word reading skills in children (Ben-Shachar et al., 2011; 134 





















impaired children (Araújo et al., 2012; Hasko et al., 2013; Maurer et al., 2007) and adults (Helenius et 136 
al., 1999; Mahé et al., 2012) typically show reduced preferential activation of this region to print in 137 
the vOT fMRI response (Brunswick et al., 1999; Hoeft et al., 2007a; Maisog et al., 2008; Paulesu et al., 138 
2001; Richlan et al., 2009; Richlan et al., 2011; Shaywitz et al., 2002; van der Mark et al., 2009) and 139 
the N1 ERP (but see (Fraga Gonzalez et al., 2016; Fraga González et al., 2014) and decreased 140 
functional connectivity to higher-order language areas (Finn et al., 2014; van der Mark et al., 2011; 141 
Žarić et al., 2017) and microstructural alterations (Linkersdörfer et al., 2012; Williams et al., 2018). 142 
Interestingly, functional and structural alterations have been detected in pre-schoolers, such as 143 
diminished activity in response to orthographic stimuli in the occipitotemporal cortex (Specht et al., 144 
2009) and reduced grey-matter volume in children at familial risk for dyslexia (Raschle et al., 2011b).  145 
Previous results thus suggest that the preferential response to print is likely to be initiated rapidly 146 
through suitable training and that the extent of specialization to print depends on reading 147 
performance, expertise, and risk factors for reading problems in children. What remains largely 148 
unclear so far is whether the vOT specialization is a purely perceptual process that can be explained 149 
by increased visual familiarity with a specific category, whether vOT specialization is mostly shaped 150 
by higher-order processing areas, or whether both visual familiarity and increased expertise with 151 
linguistic information contribute to the vOT specialization. Specialization of the vOT as a result of 152 
increasing visual familiarity would involve increased perceptual tuning to letters, strings, and whole 153 
words with exposure to print regardless of whether associations with phonology or lexical 154 
information have been established. Alternatively, such specialization may involve pre-existing 155 
connections with anterior language areas (Hannagan et al., 2015; Saygin et al., 2016) and 156 
phonologically guided tuning (Brem et al., 2010; Sandak et al., 2004; Schlaggar and McCandliss, 2007) 157 
or prediction errors resulting from matching and integrating feedforward sensory inputs and 158 
information from other areas (Price and Devlin, 2011; Stevens et al., 2017). The latter concept would 159 
require some expertise to connect the visual information to higher-level linguistic or magnitude 160 





















activation of bilateral vOT and how prereading familiarity with letters and numbers drives initial 162 
functional specialization and the consequent preferential cortical activations observed in the left vOT 163 
during child development.  164 
1.3 Preferential processing of single characters  165 
Relatively few studies have examined the processing of the building blocks of printed words, i.e. 166 
single letters. One important step for later reading outcomes is early automatization to letter 167 
processing through accumulating familiarity with letters in the everyday environment prior to formal 168 
literacy acquisition. Indeed, letter naming is often impaired in children with developmental dyslexia 169 
and is one of the most promising predictors of preschool reading outcome (Semrud-Clikeman et al., 170 
2000; Wolf et al., 1986). Moreover, selective neural processing of letters starts early in the 171 
development of visual processing (Herdman, 2011; Miller and Wood, 1995; Rey et al., 2009) and 172 
seems to recruit a distinct, more anterior, lateral area of the vOT (Flowers et al., 2004; Gros et al., 173 
2001; James et al., 2005; Joseph et al., 2006) than letter strings, for which preferential activation was 174 
reported in a “letter form area” (LFA), posterior to the classic VWFA (James et al., 2005; Tagamets et 175 
al., 2000; Thesen et al., 2012). However, modulation of the classic VWFA has also been reported 176 
when categorizing single letters (Pernet et al., 2005; Polk et al., 2002). Similar to words, the visual N1 177 
response to familiar letters showed stronger amplitudes than to unfamiliar ones (Wong et al., 2005), 178 
but disfluent letter typefaces also produced stronger N1 than fluent ones, suggesting greater 179 
attentional demands for processing difficult-to-read scripts and pseudoletters (Herdman and Takai, 180 
2013; Keage et al., 2014). However, changes in single-letter processing with reading acquisition and 181 
development have been less studied. Cantlon et al. (2011) reported coarse alphanumerical tuning 182 
when comparing letters and numbers with objects (faces, shoes), but not fine tuning between 183 
numbers and letters in four-year-old prereading children. Furthermore, sensorimotor letter training 184 
induced a stronger activation in bilateral fusiform gyri of prereading children with letters than with 185 
pseudoletters and shapes (James, 2010). A recent study by Centanni et al. (2018) suggests that the 186 





















reading ability and a reduction of the left fusiform face area in kindergarteners. Similar to studies on 188 
word reading (Maisog et al., 2008; Martin et al., 2015; Richlan et al., 2009) one study showed that 189 
the activation to single letters in the bilateral fusiform gyri of reading-impaired school children was 190 
lower than in typical readers (Blau et al., 2010).  191 
When assessing the natural course of reading development by tracking the processing of written 192 
words by children in longitudinal or cross-sectional studies (Brem et al., 2009; Dehaene et al., 2010; 193 
Shaywitz et al., 2007; Turkeltaub et al., 2003), learning-related changes are likely to reflect mixed 194 
effects of age, general maturation, and emerging phonological, lexical, and semantic associations 195 
that develop partly in concert. Consequently, such studies cannot fully explain the extent to which 196 
visual familiarity or emerging feedforward and feedback circuits to and from phonological and 197 
semantic association areas drive functional brain specialization to print. We consider visual 198 
familiarity as the capacity to perceptually discriminate between specific and visually similar character 199 
categories (letters, numbers, false-fonts), facilitated by prolonged exposure to stimuli. Children 200 
usually gain a high level of familiarity during the course of development due to exposure and 201 
experience in their everyday environment. In addition, we consider various types of expertise that go 202 
beyond visual categorization, as a result of formal instruction, practice and exposure and involve 203 
manipulation and association with other modalities. Expertise allows the coupling of the visual units 204 
(letters, numbers and trained false-fonts) with phonological, lexical, semantic and/or magnitude 205 
information and thus describes the effect of reciprocal interactions between the visual system and 206 
multiple top-down processes (Harel, 2016). Here, our first aim was to clarify the impact of learning 207 
new phonological associations on visual processing of characters. Through false-font speech–sound 208 
association learning, we simulated the first step of formal reading acquisition in prereaders usually 209 
taught after school enrolment. After the training, we compared the brain activation to the trained 210 
false-font characters to passively viewed, visually matched false-font characters with high-density 211 
simultaneous EEG–fMRI recordings. We expect emerging expertise only in the trained characters in 212 





















moderate visual familiarity for both trained and control false-font. Studying prereaders, who do not 214 
yet possess a functional reading network, overcomes undesirable interference with an existing 215 
reading system, which is an obstacle encountered in studies on literate adults (Hashimoto and Sakai, 216 
2004; Maurer et al., 2010). Using false-font characters instead of real letters allows the effects of 217 
phonology on character processing to be clarified more directly due to the absence of semantic and 218 
lexical associations. The second aim of our study was to provide more detailed insights into how 219 
character types such as letters and numbers may be encoded in the brains of prereading children, 220 
who have accumulated a varying amount of visual familiarity and expertise. Given the age of these 221 
prereading children, we expect high visual familiarity with real letters and numbers, a high level of 222 
expertise with numbers, but only rudimentary expertise with letters’ phonological associations and 223 
no expertise and moderate visual familiarity with passively viewed false-font characters. These 224 
diverging levels of expertise based on associations with phonological and semantic/magnitude 225 
information are assumed to shape the functional activation of the vOT and N1 ERP in preschool 226 
children. 227 
2. MATERIALS AND METHODS 228 
2.1 Participants 229 
A group of 31 native German-speaking, prereading kindergarten children (aged 6.7±.3, 16 males) 230 
completed four parts of an audiovisual target detection task in a simultaneous EEG/fMRI session. A 231 
core group of 18 children at varying risk for developmental dyslexia (8f, mean: 6.7+-.36y; Table 1) 232 
met data quality criteria for both EEG and fMRI analyses and was included in the main analysis. 233 
Additional analyses were performed with extended EEG (N=23) and fMRI groups (N=24, Inline 234 
Supplementary Table S1), who met data quality criteria in either the EEG or fMRI modality.  235 
Children’s risk for developmental dyslexia varied and was estimated from their parents’ reading 236 
history assessed with the Adult Reading History Questionnaire (ARHQ; (Lefly and Pennington, 2000). 237 
Parental values above 0.3 in the ARHQ indicate a familial risk for the child (Lefly and Pennington, 238 





















parental ARHQ value (0.53±0.2) and was included in all statistical analyses as a covariate to control 240 
for familial risk.  241 
Subjects’ nonverbal intelligence scores (IQ> 85, 108±13.3) were within or above the normal range, as 242 
estimated with the block design test of the Wechsler Intelligence Scale for Children (HAWIK-IV; 243 
(Petermann and Petermann, 2007). All children had normal or corrected to normal visual acuity and 244 
no diagnosis of attention-deficit/hyperactivity disorder or other neurological or cognitive 245 
impairments. The parents gave written informed consent and the children gave oral assent. The local 246 
ethics committee of the Canton of Zurich and neighboring Cantons in Switzerland approved the 247 
study. All participants received vouchers and presents as compensation. 248 
Table 1 Subject characteristics and performance on behavioral measures 249 
Variables N 
Sex (male/female) 10/8 
Handedness (right/left) 16/2 
False-font training set (1/2) 10/8 
 Mean ± SD Range 
Age (y) 6.7±.36 6.1-7.2 
IQ estimation (nonverbal)1) 108±13.3 85-125 
Familial risk (ARHQ) for dyslexia2) 0.53±0.2 0.26-0.8 
No. of children at increased familial risk (ARHQ >0.3) 2) 14   
No. of children with affected siblings/developmental language delay 2/2  
Reading (one- or two-syllable words in upper case letters, max.= 20)3) 2.9±3.1 0-10  
Letter speech-sound knowledge (upper and lower case, max. =52)3) 15.4±3.6 2-35 
Letter speech-sound knowledge of letters in experiment (b,d,t,u,m,z, 
max. =6)3) 
1.2±1.0 0-3 
Number knowledge (one- to three-digit numbers, max. = 21) 3) 15.3±5.0 7-21 
Number knowledge of numbers in experiment (1,2,3,4,5,6: max. = 6) 3) 6±0  
Rapid naming RAN (objects/second)4) 27±17 1-50 
No. of children exceeding RAN risk index 6  
Phonological awareness4) 47±19 2-90 
No. of children exceeding phonological awareness risk index 3  
Passive vocabulary4) 49.8±26.2 1-90 





















Non-word repetition (Mottier Test)4) 34.2±22.1 1-85 
Grapheme-Phoneme Correspondence Training (GPC) Mean ± SD Range 
GPC training duration (in min) 19±3.9 12-26 
GPC training accuracy (weighted, in %) 81±9 62-91 
1)
 Block design test of the Wechsler Intelligence Scale for Children (HAWIK-IV) 250 
2)
 Highest parental adult reading history questionnaire value (ARHQ), risk indicated by values >.3 251 
3)
 Number of correctly named items 252 
4)
 Age-matched percentile scores 253 
[Insert Inline Supplementary Table S1 about here] 254 
2.2 Behavioral assessment 255 
The subjects’ behavioral characterization and learning achievements were assessed in two separate 256 
sessions preceding the simultaneous EEG/fMRI measurement (Table 1). Reading status was tested 257 
with a short list of twenty simple, one- or two-syllable (2-5 letters) words frequently found in 258 
common first-grade textbooks and written in upper-case letters. In Switzerland, formal reading 259 
instruction starts with school enrolment at age 6-7, after the end of kindergarten. As usual at this 260 
age, most children were able to name and/or partly write the (upper-case) letters of their given 261 
names, and very few children were able to decode a few short words written in upper-case letters 262 
(mean 2.9±3.1 words, see Table 1) despite not having received formal reading instruction. In contrast 263 
to letters, number instruction (counting from 0-20, magnitude comparisons, but not calculations) is 264 
given in kindergarten, so all children were able to name the numbers 1-6 used for the EEG-fMRI task 265 
with 100% accuracy. Letter and number knowledge was assessed by asking the children to 266 
pronounce all 26 upper- and lower-case letters of the Latin alphabet and to name twenty-one 267 
numbers including all single digits from one to nine. In addition, we also assessed children’s 268 
phonological awareness with a behavioral test battery (Test zur Erfassung der phonologischen 269 
Bewusstheit und Benenngeschwindigkeit – TEPHOBE see Mayer, 2011) including four subtests (onset 270 
and rime synthesis, rhyming, initial sound categorization, phoneme synthesis), rapid automatized 271 
naming (RAN) of objects, nonword repetition (Mottier Test, see Wild and Fleck, 2013), and 272 





















According to the phonology and RAN screening (TEPHOBE), 3 out of 18 children exhibited an 274 
increased phonological risk and 6 out of 18 exceeded the risk score in RAN.  275 
 276 
2.3 Artificial grapheme-phoneme correspondence (GPC) training 277 
Between 1 and 5 days (mean: 2.3d) prior to the simultaneous EEG/fMRI session, all participants 278 
trained the correspondences between six false-font characters and familiar speech sounds with an 279 
adapted version of the GraphoGame phonics training program (Karipidis et al., 2017; Lyytinen et al., 280 
2009; Lyytinen et al., 2007). To simulate reading acquisition, children were assigned to train the 281 
association between natural speech sounds and one of two false-font (FF) character sets using an 282 
adaptive randomization approach (Figure 1a, training set 1 n=10, training set 2, n=8). During each 283 
trial of the training, the FF characters of the other set (untrained control FF) were presented on the 284 
upper part of the screen while the trained FF characters were presented in the middle of the screen. 285 
This design allowed us to visually familiarize children with both sets even though only one set was 286 
actively trained. Both sets of FF characters were based on six lower-case letters of the Latin alphabet. 287 
We rearranged parts of each letter (b, d, m, t, u, z) also appearing in the letter (LET) condition in 288 
Swiss School font with the Font Creator (Version V4.5) to form new “pseudoletters”. These false-font 289 
characters were comparable in size and width to the LET characters. In addition, we included two 290 
mirrored FF characters in each FF set to match the difficulty of mirror-image letters (b-d), which also 291 
occur in the Latin alphabet. In this way, we aimed to keep the visual content of FF and LET constant. 292 
During the training, the visual stimuli were presented on a laptop positioned in front of the child. The 293 
sounds, spoken by a female voice, were presented over headphones. The children had to choose the 294 
correct FF grapheme corresponding to the heard phoneme. The numbers of visual distractors (1-3) 295 
changed according to the accuracy rate of the previous trial. The training consisted of a single session 296 
with 131 trials divided into ten training levels. Struggling children completed supporting levels to 297 





















child was able to match the six speech sounds to their corresponding characters or until each 299 
supporting level was repeated maximally three times.  300 
[Insert Inline Supplementary Table S2 about here] 301 
Training duration and achievement was calculated for the complete training session. Training 302 
duration varied between children: faster learners needed less time to successfully learn the 303 
associations in the artificial GPC training. To account for the varying number of distractors, accuracy 304 
was calculated using a weighting factor defined as the number of presented items proportional to 305 
the maximum possible number of presented items (Karipidis et al., 2018; Karipidis et al., 2017). On 306 
the day of the neuroimaging session, all subjects repeated the learned associations (mean duration: 5 307 
± 0.9 min, weighted accuracy 79±15%) to test whether the children remembered the previously 308 
trained associations. Weighted accuracy (81±9%) and training duration in the training session (19±3.9 309 
min) were used to characterize the children’s performance in the artificial GPC training (Karipidis et 310 
al., 2017; Lyytinen et al., 2009). Correlations of training parameters (duration, weighted accuracy) 311 
with behavioral assessments have already been described in Karipidis et al. (2017) but were 312 
recomputed for the specific subgroup of children analyzed in this article (see Inline Supplementary 313 
Table S2). Because the groups and results largely overlap, the results of these correlations are not 314 
further discussed, and the reader is referred to the corresponding articles (Karipidis et al., 2018; 315 
Karipidis et al., 2017).  316 
2.4 Audiovisual target detection task 317 
Participants performed an implicit audiovisual target detection task (Figure 1), which was divided 318 
into four parts of 375s each to maintain the attention of the young children (Karipidis et al., 2018; 319 
Karipidis et al., 2017). A pediatric protocol was used and the task was embedded in a story. Each part 320 
of the task included a different character type: to examine effects related to GPC training two 321 
different sets of FF characters were used of which one was trained prior to the EEG-fMRI session 322 





















effect of expertise with different culturally meaningful character types was furthermore studied by 324 
presenting letters (LET), digits (DIG) as compared with the control false-font (CFF; Figure 1a). All 325 
stimuli were presented in unimodal visual and auditory, and audiovisual congruent and incongruent 326 
conditions using Presentation® software (Version 16.4, www.neurobs.com). Every part consisted of 327 
16 blocks (4 blocks/condition) whereby unimodal and bimodal blocks (15 items/block) alternated 328 
pseudorandomly separated by fixation periods of 6 or 12s. Six targets corresponding to the 329 
modalities of the conditions, i.e. either unimodal visual or unimodal auditory (cat, parrot, tortoise or 330 
shovel or their sounds) or bimodal presentation of a picture with sound (see Fig. 1a) requiring a 331 
button press were presented in addition to a total of 54 stimuli per condition to maintain children’s 332 
attention. The stimuli within each block were presented pseudorandomly for 613ms with an 333 
interstimulus interval of 331/695ms (Figure 1b). Here, we focused on the unimodal visual condition 334 
(for analyses of audiovisual conditions see Karipidis et al. (2017)). Visual information was presented 335 
using video goggles (VisuaStimDigital, Resonance Technology, Northride, CA), auditory information 336 
over in-ear headphones (MR confon GmbH, Magdeburg). Characters were presented in black in the 337 
middle of a grey background (mean visual angles horizontally/vertically TFF: 2.9°/4.8°; CFF: 2.7°/4.8°; 338 
LET: 2.8°/4.8°; DIG: 3°/6.7°). In-scanner target detection accuracy (ACC) was high (89±12.7%) and 339 
reasonable reaction times (RT) were recorded in all four parts and for all character types (Inline 340 
Supplementary Table S3). Performance did not significantly differ between the four parts (ACC: 341 
F(3,15)=1.5, p =0.227; RT: F(3,15)=0.9, p =0.466). Responses of two participants were not logged due 342 
to technical problems and therefore not included in the response analysis.  343 
 344 
Figure 1 Character types, artificial GPC false-font training sets, and task design. (a) The implicit audiovisual 345 
target detection task was divided into four parts, each including one character type: Trained (TFF), control 346 





















auditory or audiovisual target (picture or sound of animal or tool) appeared (last column). During the GPC 348 
training, children learned to associate one set of six artificial graphemes to known phonemes: The stimulus sets 349 
(1/2) for TFF and CFF were counterbalanced across subjects (set 1, N=10, set 2, n=8). (b) Illustration of the 350 
sequence and timing of one visual stimulation block. Each part included four visual blocks among blocks of 351 
auditory and audiovisual stimulation. 352 
[Insert Inline Supplementary Table S3 about here] 353 
2.5 EEG and fMRI acquisition  354 
Using an MR-compatible 128-channel EEG system (Net Amps 400, EGI HydroCelGeodesic Sensor Net) 355 
simultaneous EEG-fMRI recordings were performed on a Philips Achieva 3 Tesla scanner (Philips 356 
Medical Systems, Best, The Netherlands). Continuous EEG at a sampling rate of 1 kHz (DC-filter) was 357 
recorded with 128 scalp and two electrocardiogram (ECG) electrodes. To reduce gradient residuals 358 
during simultaneous EEG-fMRI recordings, the scanner clock and the EEG system were synchronized 359 
(Mandelkow et al., 2006). Electrode impedances were kept below 50 kΩ. The recording reference 360 
was located at Cz, the ground electrode (COM) posterior to Cz. Potential electrode vibration artifacts 361 
were minimized by covering the electrodes with a bandage retainer net and by turning off the helium 362 
pump of the MRI scanner during image acquisition. 363 
A 32-elements receiver head coil was used to acquire 189 volumes for each part of the task using a 364 
T2*-weighted whole-brain gradient echo-planar image sequence (EPI) with the following parameters: 365 
SofTone factor: 3, slices/volume: 31, repetition time (TR): 1.98s, echo time (TE): 30ms, slice thickness: 366 
3.5mm, slice gap: 0.5mm, flip angle: 80°, field of view (FOV): 24x24cm2, in plane resolution: 3x3mm2, 367 
sensitivity-encoding reduction factor: 2.2. Specific emphasis was given on reducing scanner noise and 368 
improving auditory stimulation by using sound-absorbing over-ear headphones, a sound-absorbing 369 
mat in the MR-bore and a SofTone sequence. A custom-made head pad for the EEG net was used, to 370 
reduce head movement and to ensure comfort. Additionally, a field map scan to perform B0 371 
correction was recorded. T1-weigthed images were recorded with a 3D MP-RAGE sequence (slices: 372 
176, TR/TE: 6.8/3.2s, voxel size: 1x1x1mm3, flip angle: 9°, FOV: 27x25.4cm2). 373 





















Analyses were conducted using VisionAnalyzer 2.1 (BrainProducts GmbH, Munich, Germany). 375 
Channels with an overall poor data quality were topographically interpolated (range: 0-5 channels, 376 
mean: 1.57 channels SD: +-.06). Due to continuous artifacts on the cheek electrodes, we excluded 377 
four electrodes from further processing and analyses (E43, E48, E119, E120). In addition, each data 378 
set was visually inspected and periods with major artifacts were manually excluded. After MR 379 
artefact removal using the average template subtraction method (Allen et al., 2000) and 380 
ballistocardiogram correction using sliding average template subtraction, the data was filtered (0.1-381 
30Hz and 50Hz Notch) and down sampled (500 Hz). Independent component analysis (ICA (Jung et 382 
al., 2000)) was applied to exclude blinks, eye movements, and residual ballistocardiogram artifacts. 383 
After artifact corrections, the data was rereferenced to the average reference (Lehmann and 384 
Skrandies, 1980). Trials with remaining artifacts exceeding +-200µV or identified by visual inspection 385 
were excluded. The data was segmented from -102ms to 498ms after visual presentation and 386 
averaged character type-wise. Core group (n= 18) grand averages included a mean of 41 epochs per 387 
character type (means: TFF=45, CFF=45, LET=48, DIG=40; range: 19 – 54 epochs). Using the global 388 
field power (GFP) maxima of the mean ERPs over all four character types, the interval of the N1 was 389 
defined as ±30 ms (194-254 ms) around the GFP peak. The mean amplitude values within these 390 
intervals were further analyzed. In the inline supplementary analyses 1, we also report statistics 391 
regarding effects related to training and character type processing in the preceding P1 ERP interval 392 
(102-162ms). 393 
2.6.1 Electrodes of interest analyses 394 
To examine print specific activations over the posterior scalp sites for the N1 interval, the mean 395 
amplitudes over a left (LOT), middle (MO), and right (ROT) electrode cluster were computed (Figure 396 
2a). These left, middle and right electrode clusters comprised of the following electrodes (LOT: E65, 397 
E68, E69, E70, E73; MO: E81, E82, E75, E74; ROT: E83, E88, E89, E90, E94). Statistical analyses for GFP 398 
and LOT/MO/ROT amplitudes were performed using linear mixed models (LMM), including repeated 399 





















character type effects random intercept models with fixed factors electrode cluster (LOT, MO, ROT), 401 
training (TFF, CFF) or character type (LET, DIG, CFF) and ARHQ as covariate of no interest, including 402 
the specific random intercept for each subject were computed (for details, see chapter 2.7.2). Post-403 
hoc t-tests with Tukey-Kramer correction for multiple comparisons were performed. Correlational 404 
analysis (Figure 2d) was performed to determine relations between trained false-font amplitudes and 405 
training performance (duration and weighted accuracy), using SPSS (Version 22.0). For normally 406 
distributed data Pearson correlation and for non-normally distributed data Spearman correlation was 407 
used. 408 
2.7 FMRI analyses  409 
Data was preprocessed and analyzed using SPM12 on MATLAB R2015b. After field map correction, 410 
images were spatially realigned and unwarped, slice time corrected, coregistered, segmented, and 411 
normalized using the deformations derived from the segmentation and a pediatric brain template 412 
created with the Template-O-Matic toolbox for the age range 5.9–8.5 years (Wilke et al., 2008). After 413 
resampling (3x3x3mm3), the data was smoothed with an isotropic 6mm full width at half maximum 414 
Gaussian kernel. Volumes with more than 1.5mm scan-to-scan movement were repaired by linear 415 
interpolation using the ArtRepair toolbox (Mazaika et al., 2011) and children with more than 10% 416 
repaired scans were excluded from analyses. None of the included data sets contained more than 417 
6.35% repaired scans. Due to technical problems and excessive movement at the end of the task, the 418 
analyses of two children included only the first three visual blocks (instead of four blocks) for one of 419 
the parts. Including six predictors (auditory, visual, congruent, incongruent, target, and response) and 420 
six movement parameters for each participant and each part of the experiment (TFF, CFF, LET, DIG), a 421 
random-effect generalized linear model (GLM) was calculated. We report results of 2nd-level random 422 
effect analyses one-sample t-tests to characterize the general activation for each character type 423 
against baseline and 2nd-level t-tests based on first level contrasts to determine differences between 424 





















voxel-wise correlation of the BOLD response to trained false-fonts with training duration (Figure 3b). 426 
ARHQ was included as covariate of no interest in all second level analyses. 427 
2.7.1 Region of interest analyses  428 
We performed ROI analyses based on the results of a meta-analysis (Martin et al., 2015) in the left 429 
ventral occipitotemporal cortex (lvOT) and its right hemispheric homologue (rvOT). A sphere with 430 
8mm radius (MNI coordinates x, y, z: ±52, -60, -14, Figure 3c) was created using MarsBaR (Brett et al., 431 
2002) with its centers in the inferior temporal gyri. Beta values of the bilateral ROIs were extracted 432 
and an LMM with fixed factors hemisphere, and training or character type and A HQ as covariate of 433 
no interest was computed, including a specific random intercept for each subject. To compute LMMs 434 
and correlations, the same procedure as for the EEG analyses was used. To examine a potential 435 
number sensitive area in more detail, an additional analysis of a literature based spherical ROI in the 436 
number form area (NFA; (Abboud et al., 2015) of the right hemisphere is presented in the inline 437 
supplementary analysis 2 (MNI coordinates x, y, z: 55, -43, -20; r=8mm) .  438 
2.7.2 Linear mixed model (LMM) analyses in ERP and ROI data 439 
As detailed in the corresponding method sections, we used linear mixed model (LMM) analyses and 440 
post-hoc t-tests (Tukey Kramer corrected) to analyze ERP N1 and fMRI ROI data regarding effects of 441 
false-font training (TFF vs CFF) or character type (LET, DIG, CFF). The random effect consists of a 442 
subject dependent random intercept. In LMM fixed and random effects explain differences between 443 
subjects and the variability within subjects respectively. First, we used LMM models including main 444 
effects and interaction terms for all models. Because none of the models (N1, vOT ROI) yielded any 445 
significant interaction effects (for N1 amplitude: cluster*training F(2,85)=0.82, p =0.4449; 446 
cluster*character type F(4,133)=0.09, p =0.9849; for ROI vOT beta values: hemisphere*training: 447 
F(1,51)=0.88, p=0.3513; hemisphere*character type: F(2,81)=0.08, p=0.9193) we subsequently only 448 
included the main effects in the models (training/character type, cluster/hemisphere) in addition to 449 





















main effects, we also provide the effect size (f2 (Selya et al., 2012)). For all LMM analyses studentized 451 
conditional residuals were computed to identify and exclude potential outliers. To correct for 452 
variance inhomogeneity, an outlier cutoff of three standard deviations from the mean was used for 453 
all analyses (Roth et al., 2007). The number of outliers for each LMM analysis is given in the inline 454 
supplementary table S4. In addition, QQ-plots were inspected to ensure the assumption of normality 455 
and homoscedasticity of predicted versus conditional residual plots.  456 
[Insert Inline Supplementary Table 4 about here] 457 
2.7.3 Connectivity analyses  458 
Seed to voxel functional connectivity analysis was performed using weighted GLM as implemented in 459 
the CONN toolbox (Whitfield-Gabrieli and Nieto-Castanon, 2012). The normalized anatomical image 460 
of each participant was segmented into white matter (WM), gray matter (GM) and cerebrospinal 461 
fluid (CSF) masks. Preprocessed functional data was band-pass filtered from 0.009 to 0.08 Hz and 462 
influences of motion, WM and CSF were regressed out using the CompCor strategy (Behzadi et al., 463 
2007). To examine functional connectivity associated with GPC training and character type 464 
differences we defined a seed region (seed FFG, see Figure 3d) within the anatomical left fusiform 465 
gyrus (FFG: Talairach Daemon (TD) database (Lancaster et al., 2000); WFU Pickatlas, version 2.4 466 
(Maldjian et al., 2003)) that showed functional activation to either TFF or CFF (logical operation: FFG 467 
AND (TFF OR CFF). The seed was defined using MarsBaR (Brett et al., 2002) and for functional 468 
activation we applied cluster-level FWEcorr p<0.05 on a cluster-defining threshold (CDT) of p<0.001. 469 
This left FFG seed was flipped to the right to also examine functional activation of the right 470 
hemispheric homologue.  471 
For seed-voxel analyses, the residual time course for each seed was extracted and used to generate 472 
first-level correlation maps by computing Pearson’s correlation coefficients to the time course of all 473 
other voxels. To perform second level GLM analyses, the first-level correlation coefficients were 474 





















risk score was entered as a between-subject covariate of no interest. In addition, we created a grey 476 
matter mask using the tissue probability mask of grey matter of the pediatric brain template. All 477 
voxels with a probability > 0.5 were defined as grey matter. Within the grey matter mask, a cluster-478 
based FWE-corr threshold of p < 0.05 was applied on a voxel-wise uncorrected threshold of p < 479 
0.001. In analogy to whole-brain correlational fMRI analysis for TFF, we examined the correlation of 480 
FFG seed-to-voxel connectivity with training duration (Figure 3d). Furthermore, one-sample and 481 
paired t-tests were computed on regression coefficients to yield functional connectivity maps for 482 
each character type (TFF, CFF, LET, DIG; see inline supplementary Figure 4 and table 7) against 483 
baseline and their differences (training effect, character type differences).  484 
3. RESULTS 485 
3.1 Modulation of the visual N1 ERP by false-font training and character type expertise  486 
3.1.1 Effect of false-font training on N1 (Figure 2b, Inline supplementary Figure S1): The LMM of the 487 
N1 (194-254 ms) GFP mean amplitude with fixed factor character type (TFF, CFF) revealed no 488 
significant effect of training [F(1,17)= 0.01, p=0.9298] suggesting no global amplitude differences in 489 
the potential field distribution. However, a significant negative correlation of training duration and 490 
the N1 GFP to TFF (r = -0.459, p=0.043; Figure 2d) was found, showing that shorter training duration 491 
was associated with an enhanced N1 negativity. 492 
When examining local differences in the posterior N1 negativity, the LMM for the three electrode 493 
clusters with fixed factors training (TFF, CFF) and cluster (LOT, MO, ROT) revealed a significant 494 
training effect [F(1,87)=9.30, p=0.0030, f2=0.1107], but no main effect of cluster [F(2,87)= 0.83, p= 495 
0.4375]. The post hoc t-test analysis revealed a significantly more negative N1 for TFF than for CFF 496 
(TFF<CFF: t(87)=-3.05).  497 
3.1.2 Effect of character type on N1 (Figure 2c, Inline supplementary Figure S1): The LMM of the N1 498 
GFP mean amplitude with fixed factor character type (LET, DIG, CFF) revealed no significant main 499 





















distribution. The analysis regarding character type based on an LMM for the three electrode clusters 501 
with the fixed factor character type (LET, DIG, CFF) and cluster (LOT, MO, ROT) revealed a significant 502 
character type effect [F(2,137)=40.64, p<0.0001, f2=0. 2034], but no effect of electrode cluster 503 
[F(2,137)=1.56, p= 0.3572]. The character type effect was driven by the significantly stronger N1 for 504 
DIG than for the other types (post hoc t-tests: DIG<LET: t(137)=4.51, p<0.0001, DIG<CFF: t(137)=8.93, 505 
p<0.0001). 506 
For additional analyses of training and character type in the preceding P1 interval, please see inline 507 
supplementary analysis 1. The results of the extended group (n=23) supporting the results of the core 508 
group regarding the training and the character character type effects are presented in the inline 509 
supplementary Figure S1.  510 
To summarize, N1 ERP results in the core and extended groups show a pronounced training-related 511 
difference between TFF and CFF and a character type-dependent modulation of the N1 amplitude 512 
when comparing DIG, LET and CFF over the occipitotemporal scalp.  513 
 514 
Figure 2 Training and character type effects in the N1 ERP (n=18). (a) ERP waveforms for the four character 515 
types of the GFP and the three defined electrode clusters (LOT, MO, and ROT, see encircled electrodes). The P1 516 





















amplitude differences between TFF and CFF over middle and left occipital regions. c) Effect of character type. 518 
DIG showed most pronounced negativity over (right) posterior regions as also reflected in the t-maps. The color 519 
bars in b) & c) depict the mean amplitude values for each character type, pooled over the three clusters (LOT, 520 
MO, ROT) within the N1 interval. Above the bars, the corresponding potential field maps and below the bars 521 
the t-maps illustrating the statistical differences between the character types are shown. (d) Significant 522 
negative correlation of N1 GFP to TFF with training duration (r = -0.459, p=0.043). Results of the extended EEG 523 
group are summarized in inline supplementary Figure S1. *=pcorr<0.05, **=pcorr<0.01, ***= pcorr<0.001. LET= 524 
letter, TFF= trained false-font, CFF= control false-font, DIG= digit, LOT=left occipitotemporal, MO=middle 525 
occipital, ROT=right occipitotemporal. Error bars denote standard errors. 526 
[Insert Inline Supplementary Figure S1 & Inline Supplementary analysis 1 about here] 527 
 528 
3.2 Modulation of the BOLD signal related to training and character type expertise 529 
Next, we report results of second-level whole brain voxel-wise random effect analyses to 530 
characterize activation differences evoked by visual processing of the four character types using a 531 
cluster-based family-wise error corrected (FWEcorr) threshold of p<0.05 (on a cluster-defining 532 
threshold (CDT) of p<0.001). As expected, all four character types showed pronounced 533 
occipitotemporal activation. This activation was bilateral for TFF, CFF and LET but only reached 534 
significance in the right hemisphere for DIG (Figure 3a & Inline Supplementary Table S5).  535 
[Insert Inline Supplementary Table S5 about here] 536 
3.2.1 Effect of training: No cluster survived cluster extent correction for the contrast of TFF vs CFF on 537 
whole brain level, but because of a special focus on this contrast the uncorrected results (p<0.001) 538 
are reported and illustrated in the inline supplementary Figure S2 and Table S6). 539 
[Insert Inline Supplementary Table S6 and Inline Figure S2 about here] 540 
The training duration of the artificial GPC training correlated significantly with the TFF BOLD response 541 
in the left vOT but no other region, demonstrating that a higher activation was associated with faster 542 
learning (Figure 3b, Table 2). Importantly, this whole brain finding survived an even stronger 543 





















of the enlarged fMRI-group (Inline Supplementary Figure S3) and thus can clearly be considered as a 545 
robust result, unaffected by potential inflated false-positive rates (Eklund et al., 2016). 546 
3.2.2 Effect of character type: Direct character type contrasts revealed only minor differences in 547 
whole brain analyses, mostly driven by single letter processing: LET showed more activation than CFF 548 
in the right superior temporal gyrus and the left middle frontal gyrus extending to superior frontal 549 
areas when compared with DIG (Figure 3a, Table 2).  550 
To summarize the whole brain results, single characters activate predominantly bilateral 551 
occipitotemporal areas, training duration correlated with activation to trained false-font characters 552 
in the left vOT and direct character type contrasts yielded only minor differences in temporal and 553 
frontal areas.  554 
 555 
Table 2 Results of fMRI whole brain and connectivity analyses 556 
Contrast p(FWEcorr) k T  x y z Brain region 
LET>CFF 0.00244 74 5.41 52 -18 6 R STG 
LET>DIG 0.00001 186 6.21 -29 54 15 L MFG 
 
Correlation p(FWEcorr) k T x y z Brain region 
Training duration & TFF 
BOLD 




Left FFG seed (training) 
p(FWEcorr) k T x y z Brain region 
Training duration & TFF 0.023 97 5 -32 -58 50 Left SPL, LOC 
Listed are cluster size k, peak voxel T and the MNI coordinates (x, y, z) using a cluster-based family-wise error 557 
corrected (FWEcorr) threshold of p<0.05 (on a cluster-defining threshold (CDT) of p<0.001). LET= letter, TFF= 558 
trained false-font, CFF= control false-font, DIG= digit, STG=superior temporal gyrus, MFG=middle frontal gyrus, 559 
IOG=inferior occipital gyrus, LOC= lateral occipital cortex, SPL=superior parietal lobe, LING=lingual gyrus, R= 560 























Figure 3 Modulation of the BOLD signal through training and character type (n=18). (a) Left and middle 564 
columns: Whole brain activation by character type vs. baseline. Right column: Character type contrasts. LET 565 
showed stronger activation than CFF and DIG in the right superior temporal gyrus and the left middle frontal 566 
gyrus respectively (cluster-based p(FWEcorr)<0.05). (b) Voxel-wise whole brain correlation of BOLD response to 567 
TFF with duration of the artificial GPC training. Faster learning correlated with significantly higher activation in 568 
the left vOT (cluster-based p(FWEcorr)<0.05; for results of the extended fMRI group, see Supplementary Figure 569 
S3). The negative correlation of the vOT activation plotted against training duration is shown on the left hand 570 
side for illustration purposes. (c) ROI analyses in bilateral inferior temporal gyri of the vOT. Left: Mean beta 571 
values for TFF and CFF combined over the left and right vOT ROI showing a significant effect of training (TFF > 572 
CFF) as revealed in post-hoc tests (*=pcorr<0.05). Right: Mean beta values for LET, CFF and DIG combined over 573 
the left and right vOT ROI showing a significant effect of character type (LET > CFF). (d) Functional connectivity. 574 





















decreasing training duration (cluster-based p(FWEcorr)<0.05). Error bars denote standard errors. LET= letter, 576 
TFF= trained false-font, CFF= control false-font, DIG= digit.  577 
3.3 ROI analysis in the left and right vOT 578 
The emergence of preferential activation to print in the vOT was further investigated in two a-priori 579 
bilateral, literature defined ROIs. Similar to the analysis of the visual ERP N1 we performed two 580 
separate LMMs to examine effects related to false-font training and character type expertise. 581 
3.3.1 Effect of false-font training on vOT BOLD: First, the LMM analysis with fixed factors hemisphere 582 
(lvOT, rvOT) and training (TFF, CFF) revealed a significant main effect for training [F(1,52)=4.44, 583 
p=0.0399, f2=0.0833]. The training effect was driven by the significantly stronger activation for TFF 584 
compared to CFF (post-hoc t-tests: t(52)=2.11); see also Supplementary Figure S3b for the extended 585 
fMRI group).  586 
3.3.2 Effect of character type on vOT BOLD: The second LMM analysis with fixed factors hemisphere 587 
(lvOT, rvOT) and character type (LET, DIG, CFF) revealed significant effects of hemisphere 588 
[F(1,83)=4.08, p=0.0467, f2= 0.0488] and character type [F(2,83)=3.22, p=0.0452, f2=0.0737]. Post hoc 589 
t-tests revealed a significantly stronger activation in the right hemisphere than in the left hemisphere 590 
(rvOT>lvOT: t(83)=2.02) and a significantly stronger activation for LET compared to CFF (LET>CFF: 591 
t(83)=2.43, p=0.0447). 592 
Additional analyses of the character type effect in a potential number form area ROI, did not yield 593 
any differences between character types (inline supplementary analysis 2). 594 
To summarize, in concordance with the ERP N1 results also the ROI results in the vOT exhibited a 595 
training effect in the form of enhanced beta values for TFF than CFF. An effect of character type in 596 
the vOT was specifically found for LET as compared with CFF. The ROI analysis furthermore pointed 597 
to enhanced activation in the right vOT. The effects of training and character type were confirmed by 598 





















also indicated a significant difference between DIG and CFF, suggesting initial alphanumeric tuning 600 
(see inline supplementary Figure S3b). 601 
[Insert Inline Supplementary Figure S3 & Insert Inline Supplementary Analysis 2 about here] 602 
3.4 Enhanced functional connectivity to superior parietal/lateral occipital regions for trained false-603 
fonts  604 
Second level random effect results (FWEcorr. of p<0.05, using a CDT of p<0.001) of bilateral FFG seed-605 
based functional connectivity analyses are summarized in the inline Supplementary Figure S4 and 606 
inline Table 7 for each character type and the corresponding contrasts.  607 
There was no significant difference in the functional connectivity from the left or right FFG seed 608 
regions between TFF and CFF. The functional connectivity of the left FFG seed region for TFF showed 609 
a significant negative correlation with training duration to a cluster in the left superior parietal 610 
gyrus/lateral occipital cortex (LOC) (Figure 3d, Table 2).  611 
[Insert Inline Figure S4 and inline Table S7 about here] 612 
 613 
4. DISCUSSION 614 
Studying the emerging functional activation preference to print in visual areas as a result of letter-615 
speech sound training in the developing brain is highly relevant because it can inform about future 616 
reading outcomes of children. Such insights are especially important for children at an increased risk 617 
for developing reading problems such as the group examined in this study. Preschool neural 618 
measures related to language processing and learning performance may critically contribute to the 619 
early identification of children with poor reading outcomes (Bach et al., 2013; Brem et al., 2013; 620 
Hoeft et al., 2007b; Karipidis et al., 2018; Maurer et al., 2009; Raschle et al., 2012) and to provide 621 
timely and efficient support for struggling learners.  622 





















literates, this study aimed to clarify which processes drive the often reported preferential activation 624 
to print by comparing the effect of varying expertise and visual familiarity on the processing of 625 
characters in prereading children at varying risk for developmental dyslexia. Our approach included, 626 
first, an artificial GPC training that led to learning of phonological associations to print. After training, 627 
we examined the sensitivity of vOT/N1 activations to the trained false-fonts compared to control 628 
false-fonts that children had passively viewed but not actively associated with speech sounds. We 629 
further relate the activation and functional connectivity to trained false-font characters to learning 630 
performance in the preceding training session. Secondly, we compared activation patterns of 631 
artificial false-font characters to culturally meaningful characters, i.e., letters and digits, for which 632 
preschool children exhibit different levels of expertise. This comparison yielded further insights into 633 
how different levels of expertise related to phonological, semantic and magnitude associations may 634 
shape the vOT and N1 specialization in the brain of preschool children. 635 
4.1 Neural specialization to print after phonological association training and modulation by training 636 
performance  637 
Learning to associate artificial characters to speech sounds was reflected in preferential activation for 638 
trained compared with passively viewed characters in the visual N1 ERP and in the vOT cortex BOLD 639 
response. This result demonstrates the development of preferential activation after short artificial 640 
GPC training and critically extends previous knowledge about the development of functional 641 
specialization to print in children (Brem et al., 2010; Centanni et al., 2018; Dehaene-Lambertz et al., 642 
2018; Fraga Gonzalez et al., 2016; Fraga González et al., 2014; James, 2010; Maurer et al., 2006). We 643 
show that a short (<30min) artificial GPC training already induces rapid adaptation in the functional 644 
response of the ventral occipitotemporal cortex in preschool children. Changes in the vOT activity 645 
(Hashimoto and Sakai, 2004; Song et al., 2010; Xue and Poldrack, 2007) and stronger N1 activation 646 
have previously been reported when adults learn print-like stimuli (Brem et al., 2017; Maurer et al., 647 
2010; McCandliss et al., 1997) and with increasing literacy (Dehaene et al., 2010; Pegado et al., 648 





















to the outcome of a relatively short grapheme-phoneme training (Fraga Gonzalez et al., 2016) and to 650 
the children’s response to reading intervention (Molfese et al., 2013). In addition, preferential 651 
activation to real words has also been shown in prereaders by training real grapheme-phoneme 652 
correspondences over several weeks, even though the children’s reading skills were still rudimental 653 
after training (Brem et al., 2010).  654 
Such training effects suggest that learning grapheme - phoneme correspondences is a key factor of 655 
specialization processes and preferential activation to print in the vOT. In addition, here we 656 
quantified the ease of learning by the duration of the adaptive artificial GPC training. Accounting for 657 
the ease of learning in the GPC training revealed that the faster children learned new associations, 658 
the stronger was the corresponding preferential response of the vOT and N1 to single trained false-659 
fonts and the functional connectivity of the left FFG seed region to the left SPL/LOC. This result 660 
supports the notion of expertise-dependent activation in the vOT (Maurer et al., 2005; Maurer and 661 
McCandliss, 2007; Maurer et al., 2011; Price and Devlin, 2011) emerging in the prereading brain 662 
through graphophonological association training. The preferential vOT activation to trained 663 
characters may be indicating a process of building up abstract neural letter form representations, 664 
similar to the notion of the VWFA as a “prelexical hub” for computation and storing abstract 665 
orthographic word forms (Dehaene et al., 2005; Dehaene et al., 2002).  666 
Increasing visual familiarity through training may partly explain the results of this study. The negative 667 
correlations of the N1 and BOLD signals with training duration, however, clearly argue against a pure 668 
visual familiarity effect because longer training durations, and thus more exposure to the false-fonts, 669 
were associated with decreased and not increased brain responses to trained false-font characters in 670 
the children. Instead, the negative correlation of the N1 and vOT activation with training duration, 671 
reflecting performance in the artificial GPC training, supports the notion of a visual expertise effect 672 
related to learning of phonological associations to print. Thus, the preferential activation to trained 673 
characters in the vOT may result from establishing novel circuits to higher order cognitive areas in 674 





















(Price and Devlin, 2011). In such a model, the left vOT could be best described as an “integrative 676 
hub”, matching and evaluating the information received from different brain regions (Carreiras et al., 677 
2014; Price and Devlin, 2011). The negative correlation of increased functional connectivity between 678 
the left FFG seed and the left superior parietal/ lateral occipital cortex with training duration is in line 679 
with previous findings of character-speech sound association learning in adults indicating that this 680 
region exerts a critical role in cortical plasticity related to learning novel letters (Hashimoto and Sakai, 681 
2004). Our results in young children show that this is also the case during the prereading stage. 682 
Together with the ERP and the functional activation findings our connectivity results indicate a 683 
phonologically guided tuning of the preferential vOT/N1 activation. 684 
4.2 vOT/N1 activation to character types with varying expertise 685 
In addition to the experimental manipulation of expertise through phonological association training, 686 
we also compared character types (LET, DIG vs. CFF) naturally varying in their level of expertise 687 
regarding phonological, semantic and/or magnitude associations that is built up and refined over the 688 
course of child development. Our analyses revealed that different character types show distinct 689 
encoding in bilateral vOT and in the corresponding visual N1 at preschool age already.  690 
First, the N1 ERP mean amplitude showed the most pronounced activation over all character types 691 
for digits. N1 amplitude modulations have been strongly associated with the level of expertise in 692 
specific visual categories (Rossion et al., 2002; Tanaka and Curran, 2001), including print (Brem et al., 693 
2005; Maurer et al., 2005). The pronounced ERP to digits may thus simply reflect the advanced 694 
neural specialization to this visual character category, with high expertise at preschool age. However, 695 
purely visual specialization developed through increased familiarity and exposure would hardly 696 
explain why letters showed weaker N1 amplitudes than digits, as we would expect ample visual 697 
familiarity with both letters and digits at this age. Thus, the increased N1 responses of prereaders to 698 
digits seem to be driven by expertise related to phonological, semantic, and magnitude associations. 699 





















recruitment and involvement of multiple high-level areas and the notion of visual expertise as an 701 
“enhanced, ecological form of visual object recognition that emerges from the reciprocal interactions 702 
between multiple top-down factors, such as semantic knowledge, attention, and task relevance, and 703 
the visual system.” (Harel (2016), p 88). Unlike the ERP results, an equal BOLD response was detected 704 
for digits and letters in the vOT cortex. Our results are thus in line with the findings of Cantlon et al. 705 
(2011), showing no fine tuning between numbers and letters in prereaders in our implicit task. 706 
Neither was such fine tuning observed for digits and letters in a region specialized for number-form 707 
processing in adults or school children (Abboud et al., 2015; Shum et al., 2013). This suggests the 708 
absence of preferential activation to digits over letters or false-fonts in the putative number form 709 
area at this developmental stage. Our results coincide with those of Cantlon et al. (2011) in showing 710 
higher activation to alphanumeric characters (letters, digits) than to false-font characters. This 711 
alphanumeric tuning only approached a trend in the main analysis but was significant in the enlarged 712 
fMRI sample (see inline supplement). Moreover, our pattern of alphanumeric tuning in bilateral vOT 713 
extends the findings of the former study in showing an even finer level of tuning, because the 714 
processing difference between objects and alphanumeric characters (Cantlon et al., 2011) may be 715 
expected to be greater than between the alphanumeric and matched false-font characters used in 716 
our study.  717 
Given the absence of any processing difference between letters and digits in the vOT, it is difficult to 718 
disentangle the contribution to vOT specialization of visual familiarity from that of expertise with 719 
phonological and magnitude information. Visual familiarity clearly contributes to the specialization of 720 
vOT activation, but mere visual familiarity does not explain why letters and trained false-fonts 721 
resulted in similar vOT BOLD and N1 activation (additional direct comparisons of TFF and LET yielded 722 
no significant differences neither in the N1 ERP nor vOT BOLD responses: both pcorr > 0.6). The 723 
children were exposed to the trained false-fonts for only about 20 minutes; it is unlikely that such 724 
brief training led to visual familiarity comparable to the accumulated visual exposure to letters over 725 





















Alternatively, with regard to the suggestion of the VOT as an integrative hub, temporally co-occurring 727 
predictions from multiple cognitive systems such as phonology, semantics and/or magnitude may 728 
induce higher prediction errors as compared to character types where none (untrained false-fonts) or 729 
only weak (letters) predictions are expected given the low level of phonological or lexical expertise 730 
for such characters (Brem et al., 2010; Maurer et al., 2005; Park et al., 2014). Such a model would 731 
also account for the differential N1 amplitude to trained and untrained false-fonts reported in the 732 
previous section, because relatively stable phonological associations may initiate feedback 733 
projections from phonological areas.  734 
4.3 Contribution of attentional mechanisms and lateralization of functional specialization 735 
A series of previous studies suggest that the activation of the vOT or N1 is modulated by attentional 736 
mechanisms through its link to the dorsal attention network network (Christophel et al., 2018; Cohen 737 
et al., 2008; Luck et al., 2000; Vogel et al., 2012; Vogel and Luck, 2000; Yoncheva et al., 2015). Vogel 738 
et al. (2012) used resting state functional connectivity analyses to show that the posterior part of the 739 
visual word form system is strongly connected to the dorsal attention system including the frontal 740 
and inferior parietal cortex. This connectivity suggests an important role in directing attention to the 741 
critical information within words and sentences. Importantly, this connectivity to the dorsal attention 742 
system was diminished in children and dependent on reading ability, indicating that the contribution 743 
of the attentional network becomes more important with fluent reading (Vogel et al., 2012). 744 
Other studies examined the effects of attentional processes on the visual N1. The ERP study by 745 
Yoncheva and colleagues (2015) showed that attentional focus on either single grapheme–phoneme 746 
correspondences or whole words during training has an effect on how words consisting of such 747 
trained characters are explicitly processed in the N1 after training: A more left-lateralized N1 748 
negativity was found after training graphophonological associations but not after whole-word 749 
association training. Our findings of activation preference to specific visual character types (TFF, DIG, 750 
LET) reflected in both the vOT and N1 ERP activation may thus also be attributed to the contribution 751 





















task. The greater functional connectivity from the lvOT to the left SPL/LOC for trained false-font 753 
characters with shorter training duration may correspondingly indicate the increased involvement of 754 
general attentional mechanisms of a parietal network in processing the newly learned false-font 755 
characters. Previous studies emphasized the increased involvement of the posterior parietal cortex in 756 
preorthographic processing of multi-element character strings (Lobier et al., 2012) and showed 757 
higher connectivity from VWFA to SPL in normal reading as compared to children with dyslexia (van 758 
der Mark et al., 2011). Importantly, effects on the N1/vOT in previous studies were especially 759 
pronounced when attention was specifically manipulated, such as in spatial attention allocation tasks 760 
(Luck et al., 2000), in working memory tasks with explicit recall of attended or unattended stimuli 761 
(Christophel et al., 2018) , when comparing choice reaction to simple reaction time tasks (Vogel and 762 
Luck, 2000), and in object expertise tasks with attended and unattended items (Harel, 2016). No such 763 
explicit manipulation of attentional focus on our core stimuli (TFF, CFF, LET, DIG) was done in our 764 
implicit target detection task. Moreover, attention was directed to unrelated and qualitatively 765 
different target items (drawings and environmental sounds), and it is thus rather unlikely that 766 
activation differences in character type processing are solely attributable to attention allocation in 767 
our task. However, experimental paradigms that specifically manipulate control over attentional top-768 
down influences during task performance would be useful in improving our understanding and 769 
clarifying the potential impact of attention on vOT specialization.  770 
4.4 Neural specialization to characters beyond the vOT  771 
In our fMRI analysis, direct character type contrasts at whole-brain level revealed only minor 772 
differences, mostly driven by single letter processing. First, the activation pattern in the right 773 
superior temporal gyrus (STG) was mainly driven by higher activation to letters than to passively 774 
viewed false-font characters. The STG has shown anatomical alterations in relation to reading skills, 775 
such as reductions in grey matter volume in dyslexic children (Richlan et al., 2013) and in at-risk 776 
children at prereading age (Black et al., 2012; Raschle et al., 2011a) and increased grey matter 777 





















increased reading performance is usually accompanied by increases in lateralization of 779 
occipitotemporal reading networks to the left hemisphere (Maurer et al., 2007; Shaywitz et al., 2007; 780 
Turkeltaub et al., 2003). In our young children, BOLD analyses of the vOT and whole brain analyses 781 
indicate some stronger engagement of the right than the left hemisphere. Whether or not this 782 
stronger right-hemispheric activation and the enhanced activation for letters in the right STG reflect 783 
some compensatory processing (Shaywitz et al., 2003) or atypical lateralization of language 784 
processing in children at heightened risk for dyslexia (Brem et al., 2013; Hoeft et al., 2011) needs to 785 
be clarified in future studies. Nevertheless, the STG region has been associated with the processing 786 
of speech and phonology, and the left STG in particular has been implicated in graphophonological 787 
decoding (Jobard et al., 2003). Given the lower hemispheric specialization in young children 788 
(Ossowski and Behrmann, 2015) increased activation in the right hemisphere could also indicate 789 
early attempts to match letter and speech-sound information (Blau et al., 2010; van Atteveldt et al., 790 
2004). Second, letters showed stronger activation in the left middle frontal gyrus (MFG) of the 791 
dorsolateral prefrontal cortex than did digits, which could indicate increased attentional resources 792 
and/or enhanced control functions implicated in processing characters with less expertise (Houdé et 793 
al., 2010). 794 
 795 
4.5 Limitations and further questions 796 
Several limitations of the present study should be discussed. The first is the rather small sample 797 
examined here. The application of simultaneous EEG and fMRI in children as young as 798 
kindergarteners is unique and allows the analysis and comparison of emerging specializations with 799 
high temporal and spatial resolution. This approach made visible convergent patterns of vOT BOLD 800 
and N1 ERP, such as enhanced activation to false-fonts after training and modulation by training 801 
duration. However, it also revealed divergent ERP/BOLD patterns such as the dominant N1 negativity 802 
over the posterior scalp to digits as compared with the more general alphanumeric tuning in the vOT 803 





















fMRI and EEG data quality, and the limited test time available with such young children affects the 805 
duration, number of trials, signal-to-noise ratio and robustness of the task. As a consequence, and 806 
given also the stringent motion artefact exclusion criteria that we applied, only 18 children with 807 
sufficient EEG and fMRI data quality remained for the core analyses, and this sample included two 808 
left-handed children. Despite a higher incidence of right dominant and bilateral language networks 809 
(Szaflarski et al., 2002)  in left-handed subjects than right-handed ones, we still included the two left-810 
handed children. Language lateralization is not expected to be fully mature in our preschool children 811 
(Somers et al., 2015) and left-hemispheric language lateralization dominates in left-handed subjects 812 
(Somers et al., 2015; Szaflarski et al., 2002). We addressed these problems by providing additional 813 
analyses of extended ERP and fMRI groups including 23 or 24 children in the inline supplement and 814 
supplementary material and by verifying these analyses without the left-handed children. These 815 
analyses largely support the analyses of the smaller core sample.  816 
Secondly, our preschool children all had a varying risk for developmental dyslexia, most of them 817 
either from the parents’ or a sibling’s reading history. A better understanding of graphophonological 818 
association learning and emerging neural specialization in such children is of special relevance for 819 
improving the early identification of children with poor reading outcomes. However, our focus on at-820 
risk children raises the question of how representative our results are for the general population, 821 
given that at-risk children have shown alterations in brain structure and function in previous studies 822 
(Karipidis et al., 2017; Maurer et al., 2003; Raschle et al., 2011a). It should be noted that our children 823 
had a varying familial risk level, as can be seen in the widely differing ARHQ values. To address the 824 
varying risk level, we corrected for the individual familial risk score by including the maximum ARHQ 825 
risk factor in all statistical analyses as a covariate of no interest, and we also address the potential 826 
differences of such a risk group in the discussion section. However, it is essential that future studies 827 
examine emerging specialization in a low-risk sample.  828 
Finally, we acknowledge that it is difficult to quantify the degree of visual familiarity or expertise 829 
children gained with the control false-font characters during the training, because they were only 830 





















attend to these stimuli and did not gain visual familiarity with these control characters. Therefore, we 832 
cannot fully disentangle the impact of phonological association learning from the effect of increasing 833 
visual familiarity by comparing trained and passively viewed false-font characters in this study. Even 834 
though it is unlikely, given our explanations in the previous sections, that the difference between 835 
trained and control false-fonts relied entirely on visual processes, this aspect should be tested in a 836 
future study by having children train two sets of characters, one with phonological associations and 837 
the other in a purely visual approach. Such a design, when also controlling for attentional factors, 838 
could further help to quantify the contributions of different aspects and processes to neural 839 
specialization of the vOT. 840 
5. CONCLUSION 841 
Here, we show altered visual character processing in the prereading brain after short artificial 842 
grapheme-phoneme correspondence training (< 30 min) as a model mimicking one of the first steps 843 
in reading acquisition. Emerging functional specialization was reflected in more pronounced 844 
activation for trained false-font characters than for untrained ones, irrespective of imaging modality, 845 
and a strong relationship between the ease of learning and activation in the left vOT. Moreover, we 846 
show distinct expertise-dependent activation differences for the vOT and the visual N1, including 847 
emerging alphanumeric tuning in the visual word from system at that early age. As grapheme–848 
phoneme learning is considered the core principle of acquiring alphabetic languages (Blomert, 2011), 849 
learning performance in such model training and the associated level of neural specialization in 850 
prereaders might indicate later success in reading acquisition (Karipidis et al. 2018). These novel 851 
insights into learning-dependent early specialization of the vOT to print may thus contribute to the 852 
identification of prereaders at risk for reading difficulties and hence, allow the development of early 853 
targeted interventions. Finally, the current insights also pinpoint the parallel development of 854 
functional circuits and cortical specialization in the developing brain during learning.  855 
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